We demonstrate theoretically and experimentally a new multiplexing method for volume holographic storage using a single reference beam that is composed of multiple plane waves or is a spherical wave. We multiplex the holograms by shifting the recording material or the recording/readout head. The volume properties of the recording medium allow selective readout of holograms stored in successive overlapping locations. High storage densities can be achieved with a relatively simple implementation by use of the new method. Any of these methods or their combinations can be used to multiplex holograms for holographic storage devices.
multiplexing. In addition, peristrophic multiplexing, a holographic technique that applies to either thin or thick (three-dimensional) media, was recently introduced. 8 Any of these methods or their combinations can be used to multiplex holograms for holographic storage devices.
In this Letter we introduce a method for multiplexing holograms by using a reference beam consisting of a spectrum of plane waves (similar to phase code multiplexing). We achieve multiplexing by shifting the recording medium with respect to the signal and reference beams. Alternatively, the two beams can be translated in tandem with respect to the stationary medium.
The geometry for shift multiplexing is shown in Fig. 1 for the case of storing Fourier transform holograms. The reference originates from an array of M point sources located in the front focal plane of a Fourier lens and centered around the optical axis z. The lens transforms the field into a fan of M plane waves. The angular separation is uniform, given by Du ഠ d͞F r , where d is the distance between successive point sources and F r is the focal length. Thus, the angle of incidence of the mth component is
The angle of incidence of the central component of the signal with respect to the z axis is denoted by u S . Because the reference consists of M plane waves, we can think of the recording as consisting of M separate holograms recorded simultaneously. where sinc͑x͒ sin px͑͞px͒ and L is the thickness of the recording medium. It follows that by choosing the angular separation Du between the reference components such that the sinc function of Eq. (2) vanishes, the ghosts will be eliminated, leaving a clean reconstruction. From Eq. (2) the required separation is
Having eliminated the ghosts, we now examine what happens to the diffracted light if the hologram is shifted by a distance d in the x direction (see Fig. 1) . We obtain the diffracted field E d by multiplying the illuminating reference (consisting of M plane waves) by the expression for the M recorded holograms shifted by d. For a single plane-wave signal beam of incidence angle u S we have
The three-dimensional nature of the hologram (i.e., the z dependence) serves to eliminate the cross terms m fi m 0 (ghosts) from the double summation. When a signal with finite bandwidth is reconstructed, a detailed calculation (not given here) shows that the cross terms are not eliminated completely but the signal is still reconstructed with a high signal-tonoise ratio. From relation (5) the diffracted field consists of the reconstruction of the signal at angle u S , weighted by a sum leading to the familiar array function. 9 Therefore the intensity of the diffracted field as a function of shift is
The zeros of the array function occur at
Multiplexing is performed by recording each hologram with a shift d 1 l͞MDu with respect to its two neighbors. Because of the periodicity of the array function, at maximum M holograms can be superimposed on the same location. The period is
The shift multiplexing method is particularly well suited for the implementation of holographic threedimensional disks. 10 One can readily implement a three-dimensional disk with this method by simply using the disk rotation (which is already part of the system intended to permit accessing of information on different locations on the disk surface) to implement the shift (Fig. 2) . This simplifies the design of the head because no additional components are required for selective readout.
The storage density D per unit area that we can achieve by using the device of Fig. 2 is limited by the thickness-dependent angular selectivity [relation (3)], the number of beams M allowed by the optics, the page size N p b p (b p is the pixel size and N p the number of pixels), and the periodicity of the array function. An approximate formula for the image plane density is
For L 100 mm and signal incidence angle u S 30 ± , use of F͞1 optics permits M 100 holograms. Then, for typical page parameters N p 1000 and b p 2 mm, Eq. (9) Fig. 3 . The signal image was a 100 3 100 random bit pattern. For the above parameters the theoretical shift selectivity is 2.8 mm and the period is 55 mm, in good agreement with the experiment. The reason for the deviation from the theoretically predicted periodicity is the finite transverse size of the recording region.
Three holograms array multiplexed with the same setup are shown in Fig. 4 . Each hologram is reconstructed almost periodically, following its own array function. Because of the very small thickness of the recording medium in this experiment, we used an angular separation smaller than that predicted by Eq. (3). Therefore the ghosts had to be filtered out in the Fourier plane.
Shift multiplexing can also be implemented by a spherical wave reference 11 instead of the fan of M plane waves. The basic operation is similar, but the analysis is more involved. Consider a spherical reference wave originating a distance z 0 from the center of the recording material and a plane-wave signal incident at angle u S with respect to the optical axis. An approximate calculation (under the paraxial and Born approximations and neglecting variable modulation depth) predicts that the shift selectivity is related to the focal distance and the Bragg angular selectivity [relation (3)] as d Bragg ഠ z 0 Du lz 0 ͞L tan u S . The finite numerical aperture (NA) broadens the selectivity curve by a factor of d NA ഠ l͞2(NA). Therefore we have
(10) Figure 5 shows the experimental shift selectivity curves for z 0 9, 14, and 24 mm and NA's of 0.3, 0.15, and 0.075, respectively. The angle of incidence of the signal beam was 40 ± outside the 8-mm-thick iron-doped LiNbO 3 crystal (refractive index n ഠ 2.24). The experimental selectivity agrees with relation (10) .
In conclusion, we have demonstrated shift multiplexing in photopolymers and photorefractives. The new method is promising for the achievement of high holographic storage density with a relatively simple implementation.
